Control of Modular Multilevel Converters Using an Overlapping MultiHexagon Space Vector Modulation Scheme by Oghorada, O. et al.
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/323617674
Control of Modular Multilevel Converters Using an Overlapping Multi-
Hexagon Space Vector Modulation Scheme
Article · March 2018
DOI: 10.1109/JESTPE.2018.2812865
CITATIONS
3
READS
16
4 authors, including:
Some of the authors of this publication are also working on these related projects:
The Use of Modular Multilevel Cascaded Converters as STATCOM and APC in Distribution Systems View project
Oghenewvogaga Oghorada
Landmark University
12 PUBLICATIONS   38 CITATIONS   
SEE PROFILE
All content following this page was uploaded by Oghenewvogaga Oghorada on 15 August 2018.
The user has requested enhancement of the downloaded file.
This is a repository copy of Control of Modular Multilevel Converters Using an Overlapping
Multi-Hexagon Space Vector Modulation Scheme.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/128594/
Version: Accepted Version
Article:
Oghorada, OJK, Zhang, L, Efika, IB et al. (1 more author) (2018) Control of Modular 
Multilevel Converters Using an Overlapping Multi-Hexagon Space Vector Modulation 
Scheme. IEEE Journal of Emerging and Selected Topics in Power Electronics. ISSN 
2168-6777 
https://doi.org/10.1109/JESTPE.2018.2812865
© 2018, IEEE. This is an author produced version of a paper published in IEEE Journal of 
Emerging and Selected Topics in Power Electronics. Personal use of this material is 
permitted. Permission from IEEE must be obtained for all other uses, in any current or 
future media, including reprinting/republishing this material for advertising or promotional 
purposes, creating new collective works, for resale or redistribution to servers or lists, or 
reuse of any copyrighted component of this work in other works. Uploaded in accordance 
with the publisher’s self-archiving policy.
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
29(5/$33,1*08/7,3/(+(;$*2163$&(9(&7256&+(0(
&RQWURORI0RGXODU0XOWLOHYHO&RQYHUWHUV8VLQJDQ2YHUODSSLQJ0XOWL
+H[DJRQ6SDFH9HFWRU0RGXODWLRQ6FKHPH

2-.2JKRUDGD/L=KDQJ,NHQQD%UXFH(ILND&-1ZREX
6FKRRORI(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI/HHGV8QLWHG.LQJGRP
RJKRUDGDRJKHQHZYRJDJD#OPXHGXQJO]KDQJ#OHHGVDFXN

$%675$&7
$GDSWLQJWKHFRQYHQWLRQDO6SDFH9HFWRUPRGXODWLRQ690VFKHPHIRUPRGXODUPXOWLOHYHOFDVFDGHGFRQYHUWHUV
LV FRPSOLFDWHG DV WKH QXPEHU RI VZLWFKLQJ YHFWRUV LQFUHDVHV ZLWK WKH QXPEHU RI YROWDJH OHYHOV 7KLV SDSHU
LQWURGXFHVD QRYHO690VFKHPHWKDWFDQEHDSSOLHGIRU WKHFRQWURORIPRGXODUPXOWLOHYHOFDVFDGHFRQYHUWHUV
00&&ZLWKDQ\QXPEHURIOHYHOV,QVWHDGRIH[WHQGLQJDVLQJOHKH[DJRQWRWKHUHJLRQVFRUUHVSRQGLQJWRWKH
QXPEHURIOHYHOVWKHSURSRVHGPHWKRGWUHDWVWKHWKUHHSKDVH00&&DVPXOWLSOHLQYHUWHUVZLWKDSKDVHOLPEEHLQJ
DFKDLQRIEDVLFWKUHHOHYHO+EULGJHILYHOHYHOIO\LQJFDSDFLWRURUQHXWUDOSRLQWFODPSHGLQYHUWHUV%DVLFWZRRU
WKUHHOHYHOKH[DJRQVFDQEHDSSOLHGWRGHWHUPLQHWKHVZLWFKVWDWHVDQGGXW\F\FOHVVHSDUDWHO\ZLWKLQRQHWLHURI
WKHFRQYHUWHUDQGPDQ\VXFKKH[DJRQVFDQEHRYHUODSSHGZLWKSKDVHVKLIWUHODWLYHWRHDFKRWKHUIRUWKHFRQWURO
RIDFRPSOHWH00&&7KLVDSSURDFKVLPSOLILHVWKHPRGXODWLRQDOJRULWKPDQGEULQJVIOH[LELOLW\LQVKDSLQJWKH
RXWSXWYROWDJHZDYHIRUPVIRUGLIIHUHQWDSSOLFDWLRQV6LPXODWLRQUHVXOWVFRQILUPWKHJRRGZDYHIRUPSHUIRUPDQFH
RIWKLVVFKHPH$QH[SHULPHQWDOOHYHO00&&ZLWKDWRWDORIVL[+EULGJHVDVWKHEDVLFPRGXOHVLVSUHVHQWHG
WRYDOLGDWHWKHDGYDQWDJHRXVIHDWXUHVRIWKHPHWKRG
.H\ZRUGV0RGXODU0XOWLOHYHO&DVFDGH&RQYHUWHUV6SDFH9HFWRU0RGXODWLRQ
, ,1752'8&7,21
5HFHQW GHYHORSPHQW LQ SRZHU FRQYHUWHUV IRU KLJK YROWDJH WUDQVPLVVLRQ DQG GLVWULEXWLRQ V\VWHPV KDV OHG WR
ZLGHVSUHDG LQWHUHVW LQ PRGXODU PXOWLOHYHO FDVFDGHG FRQYHUWHUV 00&& >@ :HOOHVWDEOLVKHG PXOWLOHYHO
FRQYHUWHU WRSRORJLHV VXFK DV WKH QHXWUDO SRLQW FODPSHG 13& DQG IO\LQJ FDSDFLWRU )& IRUPV DOO SUHVHQW
GLIIHUHQWSUREOHPVZKHQPRUHOHYHOVDUHDGGHGWRVHUYHKLJKHUYROWDJHDSSOLFDWLRQV)RUH[DPSOHDOHYHO13&
KDVGLIILFXOW\LQPDLQWDLQLQJQHXWUDOSRLQWYROWDJHEDODQFHDQGKDVXQHTXDOGHYLFHORVVGLVWULEXWLRQVGXHWRVHULHV
FRQQHFWHGQHXWUDOSRLQWFODPSLQJGLRGHV>@7KHVHSUREOHPVDUHH[DFHUEDWHGZKHQDQ13&VWUXFWXUHLVH[WHQGHG
WRPRUH WKDQ OHYHOV >@DQG WKXV LW LVPRVW VXLWDEOH IRUPHGLXPYROWDJHDSSOLFDWLRQV  N97KH)&
FRQYHUWHURQWKHRWKHUKDQGZRUNVZHOOIRUORZHUQXPEHUVRIOHYHOVEXWZKHQWKHQXPEHURIFODPSLQJFDSDFLWRUV
LVLQFUHDVHGWRUDLVHRXWSXWYROWDJHWKHFDSDFLWRUYROWDJHVEHFRPHGLIILFXOWWREDODQFHFDXVLQJSRRURXWSXWYROWDJH
ZDYHIRUPSHUIRUPDQFHDQGXQHTXDOGHYLFHYROWDJH VWUHVV7KHFODVVLFDOFDVFDGHG+EULGJHFRQYHUWHU &+%
XVLQJWKUHHOHYHOIXOOEULGJHV/)%DVWKHEDVLFPRGXOHVLQDVHULHVFKDLQFRQILJXUDWLRQFDQRYHUFRPHWKHVH
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@ZKLFKKDVWKHIDYRUDEOHIHDWXUHVRI
EHLQJPRGXODUKHQFHHDV\WRVFDOHXSWKHYROWDJHOHYHODQGKDYLQJYROWDJHZDYHIRUPVZLWKYHU\ORZKDUPRQLF
FRQWHQWV7KHYHU\VLPSOHFHOOVWUXFWXUHDOVRUHGXFHVWKHPDQXIDFWXULQJFRVWV7KH00&&VKDYHJDLQHGDWWHQWLRQ
IURPLQGXVWU\KDYLQJDSSOLFDWLRQVLQJULGFRQQHFWHGFRQYHUWHUV67$7&20+9'&WUDQVPLVVLRQV\VWHPVDQG
PHGLXPYROWDJHGULYHV>@
7KHFKRLFHRIPRGXOHWRSRORJ\IRUDQ00&&GHSHQGVRQWKHW\SHRIIXQFWLRQDOLW\UHTXLUHGIURPWKHFRQYHUWHU
)RU H[DPSOH WZR OHYHO KDOI EULGJH /+% PRGXOHV DUH SRSXODU IRUGFDF WKUHHSKDVH FRQYHUWHUV LQ +9'&
DSSOLFDWLRQV >@ )RU D67$7&20/)% LV UHTXLUHG ZKLFK DOORZV IRXU TXDGUDQW SRZHU IORZRSHUDWLRQ
%HVLGHVWKHVHWZRW\SHVFXUUHQWGHYHORSPHQWVLQ00&&WRSRORJLHVDOVRFRQVLGHURWKHUVWUXFWXUHVSDUWLFXODUO\
WKH OHYHO 13& /13& DQG OHYHO )& /)& W\SHV > @ DQG WKHLU K\EULG FRPELQDWLRQV 7KH
DGYDQWDJHVRIWKHVHOHYHOPRGXOHVDUHWKDWWKH\RIIHUPRUHVZLWFKLQJVWDWHVDQGYROWDJHOHYHOVSHUPRGXOHKHQFH
ZLWKWKHVDPHQXPEHURIPRGXOHVDVZKHQXVLQJ/)%VWKHFRQYHUWHURXWSXWYROWDJHLVKLJKHUDQGKDUPRQLF
SHUIRUPDQFHLVEHWWHU
$Q LQKHUHQW FKDOOHQJH IRU 00&&V UHJDUGOHVV RI WKH W\SH RI PRGXOHV XVHG LV WKH LQFUHDVLQJ FRPSOH[LW\ RI
PRGXODWLRQFRQWUROGXHWRWKHQXPEHURIGLVFUHWHRXWSXWYROWDJHOHYHOVEHLQJH[WHQGHGE\FDVFDGLQJPRUHPRGXOHV
*HQHUDOO\ WKHZHOONQRZQVHOHFWLYHKDUPRQLFHOLPLQDWLRQ WHFKQLTXH6+(>@RUVWDLUFDVHPRGXODWLRQ LV
DSSOLHGDOORZLQJWHUPLQDOYROWDJHZDYHIRUPVZLWKYHU\ORZKDUPRQLFFRQWHQWVZKHQWKHQXPEHURIPRGXOHVLV
LQWKHUDQJHRIPDQ\WHQV+RZHYHUWKHPHWKRGLVFXPEHUVRPHIRU00&&VZLWKKLJKQXPEHURIPRGXOHVVLQFH
VZLWFKLQJDQJOHVQHHGWREHDFFXUDWHO\HVWLPDWHGIRUGLIIHUHQWRSHUDWLQJFRQGLWLRQV&RPSXWDWLRQFDQEHPRUH
SUREOHPDWLFIRUDSSOLFDWLRQVUHTXLULQJIDVWG\QDPLFFRQWUROOLNH67$7&20DQGPDFKLQHGULYHV&XUUHQWO\WKH
ZLGHO\XVHGPHWKRGVIRUFODVVLFDODQGPRGXODUPXOWLOHYHOFRQYHUWHUVDUHIRUPVRIVLQHWULDQJOHEDVHG3:0VXFK
DVOHYHO±VKLIWLQJ3:0DQGSKDVHVKLIWLQJ3:0IRUWKHLUVLPSOLFLW\DQGJRRGZDYHIRUPSHUIRUPDQFH>@
7KH 6SDFH 9HFWRU 0RGXODWLRQ 690 VFKHPH RIIHUV DWWUDFWLYH IHDWXUHV DQG ERWK WZR DQG WKUHHGLPHQVLRQDO
YHUVLRQVDUHZLGHO\NQRZQDQGDSSOLHG>@+RZHYHUIRUDQ00&&KDYLQJPDQ\YROWDJHOHYHOVSHUSKDVH
XVLQJ FRQYHQWLRQDO 690 WHFKQLTXH WKH QXPEHU RI VZLWFKLQJ VWDWHV HVFDODWHV DQG  RQOLQH VZLWFKLQJ YHFWRU
VHOHFWLRQ DQG GXW\ F\FOH FDOFXODWLRQ EHFRPHFRPSOLFDWHG >@ 9DULRXV W\SHV RI690 PHWKRGVKDYHEHHQ
SURSRVHG>@RYHUUHFHQWGHFDGHWRVLPSOLI\WKHSURFHGXUHIRUFODVVLFDOPXOWLOHYHODQGPRGXODUPXOWLOHYHO
FDVFDGHGFRQYHUWHUV$FRPPRQDSSURDFKLQYROYHVGHFRPSRVLQJWKHVSDFHYHFWRUGLDJUDPLQWRPXOWLSOHVRIWZR
OHYHORUWKUHHOHYHOKH[DJRQV>@)RUH[DPSOHDWKUHHOHYHOVSDFHYHFWRUSODQHLVGLYLGHGLQWRVL[WZROHYHO
KH[DJRQV DQG E\ QRWLQJ WKH SRVLWLRQ RI WKH UHIHUHQFH YROWDJH YHFWRU WKH DSSURSULDWH WZROHYHO KH[DJRQ  DQG
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FRUUHVSRQGLQJVZLWFKLQJYHFWRUVFDQEHGHWHUPLQHG&DOFXODWLRQRIVHOHFWHGYHFWRUGXW\F\FOHDQGVHOHFWLRQRI
VZLWFKLQJVWDWHVFDQWKHQEHFDUULHGRXWDVLQDWZROHYHOLQYHUWHU([WHQVLRQRIWKLVDSSURDFKWRILYHOHYHOVSDFH
YHFWRUSODQHKDVDOVREHHQDWWHPSWHGDQGPHDQZKLOHRSWLPDOVZLWFKLQJVHTXHQFHIRUDFKLHYLQJJRRGKDUPRQLF
SHUIRUPDQFHDQGFDSDFLWRUYROWDJHEDODQFHKDVEHHQSURSRVHG>@7KHPDLQSUREOHPZLWKWKHVSDFHYHFWRU
SODQHGLYLVLRQDSSURDFKOLHVLQWKHXVHRIORRNXSWDEOHVIRUJHQHUDWLQJWKHJDWHSXOVHVIRUWKHVZLWFKLQJGHYLFHV
$VWKHQXPEHURILQYHUWHUOHYHOVLQFUHDVHWKHUHZLOOEHDQLQFUHDVHLQWKHQXPEHURIORRNXSWDEOHVDVZHOODVWKHLU
VL]H$QRWKHUDSSURDFKUHOLHVRQDQDOJRULWKPEDVHGWHFKQLTXHZKLFKPDNHVXVHRIDVSDFHGJKFRRUGLQDWH
V\VWHPWRSHUIRUPWKH690RIDPXOWLOHYHOLQYHUWHU>@690WHFKQLTXHKDVDOVREHHQDSSOLHGIRU+9'&00&
>@ DQG VZLWFKLQJ VFKHPH IRU WKH RSWLPL]HG FRQWURO SHUIRUPDQFH LQ WHUPV RI FDSDFLWRU YROWDJH EDODQFLQJ
FLUFXODWLQJFXUUHQWVXSSUHVVLRQDQGFRPPRQPRGHYROWDJHUHGXFWLRQKDVEHHQGHYHORSHG

7KLVSDSHUSUHVHQWVDQRYHORYHUODSSLQJKH[DJRQVSDFHYHFWRUPRGXODWLRQ2+690WHFKQLTXHPDLQO\IRUWKH
FRQWURORIPRGXODUPXOWLOHYHOFDVFDGHGFRQYHUWHUVZLWK IXOO+EULGJHDQGIXOO)&EULGJHDVVXEPRGXOHV7KH
UDWLRQDOHRIWKHSURSRVHGPHWKRGEHDUVVLPLODULW\WRWKHDIRUHPHQWLRQHGVSDFHYHFWRUGLYLVLRQDSSURDFKHVQDPHO\
LW DOVR XVHV PXOWLSOH RI HLWKHU WZROHYHO KH[DJRQV RU WKUHHOHYHO KH[DJRQV  +RZHYHU LQVWHDG RI GLYLGLQJ D
PXOWLOHYHOVSDFHYHFWRUSODQH LQWRPDQ\KH[DJRQV WKHSURSRVHGPHWKRG WUHDWVHDFKYROWDJH OHYHORI WKH WKUHH
SKDVH OLPEVDVDQHQWLW\ZKRVHVZLWFKLQJVWDWHVDUHFRYHUHGE\D WZROHYHOKH[DJRQ7KLVFDQEHH[WHQGHG WR
WKUHHOHYHOKH[DJRQVWRFRQWURO00&&ZLWK/)&RU/13&DVVXEPRGXOHV%\RYHUODSSLQJWKHVHKH[DJRQV
IRUPXOWLSOHYROWDJHOHYHOVWKHVZLWFKLQJVWDWHVHOHFWLRQDQGGXW\UDWLRFDOFXODWLRQFDQEHSHUIRUPHGSHUKH[DJRQ
DQGSHUPRGXOHZLWKRXWLQYROYLQJFRPSOLFDWHGSURFHGXUHVDVDUHQHHGHGZKHQXVLQJDVLQJOHPXOWLOHYHOKH[DJRQ
LQ WKH FRQYHQWLRQDO 690  7KLV VFKHPH RIIHUV VLPSOLFLW\ DQG IOH[LELOLW\ IRU FRQWUROOLQJ 00&&V KDYLQJ DQ\
QXPEHURIFKDLQHGPRGXOHVDQGFDQJLYHJRRGYROWDJHZDYHIRUPSHUIRUPDQFHDWORZVZLWFKLQJIUHTXHQF\7KH
SDSHUDOVRFRYHUVDQRSWLPDOVZLWFKLQJVHTXHQFHVHOHFWLRQVFKHPHIRUWKHFDVHZKHQWKUHHOHYHOKH[DJRQLVXVHG
IRUIORDWLQJFDSDFLWRUYROWDJHEDODQFHDQGUHGXFWLRQRIVZLWFKLQJWUDQVLWLRQV
7KHSDSHULVRUJDQL]HGDVIROORZV6HFWLRQ,,SUHVHQWVDUHYLHZRIILYHGLIIHUHQWW\SHVRIPRGXOHVXVHGWREXLOG
PRGXODUPXOWLOHYHOFRQYHUWHUV7ZRRIWKHVHDUHXVHGIRUH[SORULQJWKHSURSRVHG690VFKHPH,Q6HFWLRQ,,,D
EULHI UHYLHZRI WKH0XOWLOHYHO690LVSUHVHQWHG ,Q6HFWLRQ,9 WKHSULQFLSOHDQGDQDO\VLVRI WKHPHWKRGVDUH
GHVFULEHG5HVXOWVRIVLPXODWLRQVWXGLHVDUHJLYHQLQ6HFWLRQ9$QH[SHULPHQWDOULJRIDVL[PRGXOH00&&ZLWK
/)%PRGXOHVEXLOWWRYHULI\WKHQHZ690PHWKRGLVGHVFULEHGLQ6HFWLRQ9,WRJHWKHUZLWKWKHUHVXOWVREWDLQHG
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,, 00&&6:,7+',))(5(17&219(57(57232/2*,(6
$Q00&&LVFRQVWUXFWHGE\FKDLQLQJDVHWRIFRQYHUWHUFHOOVPRGXOHV2QHVXFKFKDLQIRUPVDFRQYHUWHUSKDVH
OLPEDQGWKUHHOLPEVLQVWDURUGHOWDFRQQHFWLRQFRQVWLWXWHDGFDFFRQYHUWHUDOVRQDPHGVLQJOHVWDURUGHOWD00&&
>@DQGFDQEHXVHGIRU67$7&20RUPDFKLQHGULYHDSSOLFDWLRQV)RU+9'&DSSOLFDWLRQWZRVXFKFKDLQVDUH
OLQNHGLQVHULHVWRIRUPDFRQYHUWHUSKDVHOLPERQHEHLQJFRQQHFWHGWRWKHSRVLWLYHGFUDLODQGWKHRWKHUWRWKH
QHJDWLYH 7KH DF WHUPLQDO LV DW WKH MXQFWLRQ RI WKH FKDLQV DQG ZLWK WKUHH VXFK SKDVH OLPEV D GRXEOH VWDU
FRQILJXUDWLRQLVIRUPHG>@,QWKLVZRUNRQO\WKHVLQJOHVWDUGHOWDFRQQHFWHG00&&VDUHFRQVLGHUHG7KHPDLQ
GLVWLQJXLVKLQJIHDWXUHRIHDFKGLIIHUHQW00&&VWUXFWXUHLVWKHW\SHRIPRGXOHXVHG9DULRXVPRGXOHFRQFHSWV
H[LVWLQOLWHUDWXUH>@)LJVKRZVDVLQJOHVWDU00&&LQZKLFKILYHGLIIHUHQWW\SHVRIPRGXOHVFDQ
EHXVHGQDPHO\/)%/)&/13&OHYHO)&SOXVKDOIEULGJH/)&+DQGOHYHO13&SOXVKDOIEULGJH
/13&+
)LJ00&&LQVWDUFRQQHFWLRQZLWKGLIIHUHQWPRGXOHVWUXFWXUHD/)%PRGXOHE/)&PRGXOH
F/)&+PRGXOHG/13&PRGXOHH/13&+PRGXOH
,,, 5(9,(:2)&/$66,&$/08/7,/(9(/6907(&+1,48(
7KH690WHFKQLTXHGHYHORSHGRULJLQDOO\IRUWKUHHSKDVHWZROHYHOYROWDJHVRXUFHLQYHUWHUVRIIHUVDGYDQWDJHVRI
HDV\ LPSOHPHQWDWLRQ ,W DOVR SURYLGHV D  KLJKHU '& OLQN YROWDJH XWLOL]DWLRQ ZKHQ FRPSDUHG ZLWK VLQH
WULDQJOHEDVHG3:0VFKHPH>@([WHQGLQJWKLVWRFRQWUROPXOWLOHYHOLQYHUWHUV>@OHDGVWRDQLQFUHDVHGQXPEHU
RIVZLWFKLQJYHFWRUV)RUH[DPSOHDPXOWLOHYHOFRQYHUWHUFRPSULVLQJIRXUFDVFDGHGKDOIEULGJHFHOOVSHUSKDVH
KDVYROWDJHOHYHOV±9PD[WR9PD[WKURXJKDQGVZLWFKLQJVWDWHYHFWRUV7KHRYHUDOOYHFWRUERXQGDU\VWLOO
IRUPVDKH[DJRQDODVVKRZQ LQ)LJDZLWKYHUWLFHVEHLQJ WKHIXOOYROWDJH LQHDFKSKDVH)RUFKRRVLQJ WKH
VZLWFKLQJVWDWHVIRUWKLVFRQYHUWHUDQGFDOFXODWLQJWKHLUFRUUHVSRQGLQJGXW\UDWLRVWKHSRVLWLRQRIWKHUHIHUHQFH
YROWDJH YHFWRU UHI9  DW HYHU\ VDPSOH WLPH LQVWDQW KDV WREH ORFDWHG  7KLV FDQEHGLIILFXOW GXH WR WKH H[WHQGHG
KH[DJRQ2QHPHWKRGLVWRGLYLGHHDFKRIWKHVL[KH[DJRQVHFWRUVLQWRPXOWLSOHHTXDOWULDQJOHVDQGFKHFNZKHWKHU
HDFKWULDQJOHHQFLUFOHVWKHWLSRI UHI9 1DWXUDOO\DVWKHQXPEHURIYROWDJHOHYHOVLQFUHDVHVWKHQXPEHUVRIERWKWKH
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VZLWFKLQJVWDWHYHFWRUVDQGWULDQJOHVHFWLRQVLQFUHDVH)RUWKHH[DPSOHFHOOOHYHOFRQYHUWHULWKDVLQWRWDO
WULDQJOHVLQRQHRIKH[DJRQVHFWRUVDVVKRZQLQ)LJEDQGLQWRWDOIRUWKHZKROHKH[DJRQ,QJHQHUDOLIQ
LVWKHQXPEHURIYROWDJHOHYHOVIURPWR9PD[RUWR±9PD[ LQFOXGLQJYROWOHYHOSHUSKDVHOLPEWKHWRWDO
QXPEHUVRIWULDQJXODUUHJLRQVQ7LV

7   QQ      
DQGWKHQXPEHURIVZLWFKLQJVWDWHVQ9UHTXLUHGWRV\QWKHVL]HDUHIHUHQFHYROWDJHIRUWKHFRQYHUWHUVWUXFWXUHVKRZQ
LQ)LJLVQ&RQVHTXHQWO\WKHPRGXODWLRQSURFHVVLQYROYLQJUHJLRQGHWHUPLQDWLRQVZLWFKLQJYHFWRUVHOHFWLRQ
DQGVXEVHTXHQWGXW\F\FOHFDOFXODWLRQEHFRPHVFRPSOLFDWHG7KLVFDQEHHYHQPRUHFXPEHUVRPHIRUFRQWUROOLQJ
DQ00&&)RUH[DPSOHDWKUHHSKDVHOHYHO)&00&&DVVKRZQLQ)LJKDVWZRFDVFDGHGIXOOEULGJH)&
FRQYHUWHUPRGXOHVSHUSKDVHOLPEVRLWLVUHJDUGHGDVWZRYROWDJHWLHUV(DFKSKDVHOLPE¶VOHIWKDQGVLGH/+6
KDOIEULGJH)&V$%DQG&IRUPDWKUHHSKDVHOHYHOFRQYHUWHUZKLFKKDVVZLWFKLQJVWDWHYHFWRUV7KLV
LVWKHVDPHWRWKH5+6KDOIEULGJH)&V$%DQG&)RUWKHFRQWURORIERWK/+6DQG5+6FRQYHUWHUVXVLQJWKH
FRQYHQWLRQDO PXOWLOHYHO 690 VFKHPH GHVFULEHG DERYH DOHYHO KH[DJRQ VKRXOG KDYH WZR UHIHUHQFH YROWDJH
YHFWRUV UHI9 DQG UHI9 WKDWDUHDQWLSKDVHWRHDFKRWKHUDVVKRZQLQ)LJD7KHVHPD\OLHLQLWLDOO\ZKHQW LQ
VHFWRUVDQGUHVSHFWLYHO\7DEOH,VKRZVWKHVPDOOWULDQJXODUUHJLRQVWKHUHIHUHQFHYROWDJHYHFWRUPD\EHLQ
FRUUHVSRQGLQJWRWKHPRGXODWLRQLQGH[UDQJHIURPWR7DEOH,,KLJKOLJKWVWKHFRQGLWLRQVXVHGLQGHWHUPLQLQJ
WKHVSHFLILFWULDQJOHUHJLRQDFFRUGLQJWRWKHYROWDJHYHFWRU¶VFRUUHVSRQGLQJĮȕFRPSRQHQWPDJQLWXGHVDVGHILQHG
LQHTXDWLRQV&OHDUO\WKHZKROHSURFHVVLVPRUHFRPSOLFDWHGWKDQZKHQFRQWUROOLQJWKHFODVVLFDOPXOWLOHYHO
FRQYHUWHUVVXFKDVDOHYHO13&
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
7DEOH,5HJLRQVHOHFWLRQEDVHGRQPD 9UHI9GF
0RGXODWLRQLQGH[PD 5HJLRQV
PD 5ĺ5
PD 5ĺ5
PD 5ĺ5
PD 5
)LJ&RQYHQWLRQDO0XOWLOHYHO690D+H[DJRQIRUDOHYHO690DQGE6HFWRURIWKHOHYHOKH[DJRQ

7DEOH,,6HOHFWLRQFULWHULDIRUUHJLRQV5ĺ5
&ULWHULD 5HJLRQV
9VĮ!96ȕ 5
9VĮ96ȕ9VĮ96ȕ! 5
9VĮ96ȕ 5
9VĮ96ȕ 5
9VĮ96ȕ 5
9VĮ96ȕ9VĮ96ȕ 5
9VĮ96ȕ! 5
,9 29(5/$33,1*08/7,+(;$*2163$&(9(&72502'8/$7,212+690
7KLVQHZVSDFHYHFWRUPRGXODWLRQVFKHPHVLPSOLILHVWKHPRGXODWLRQSURFHGXUHJUHDWO\IRU00&&V7KHUHDUH
WZRLPSOHPHQWDWLRQPHWKRGVGHSHQGLQJRQWKHW\SHRIKH[DJRQVXVHG
$ 2+690XVLQJ7ZROHYHO+H[DJRQV
7KLVLVSDUWLFXODUO\VXLWDEOHIRU00&&VFRPSULVLQJ/)%DVVXEPRGXOHV,WXVHVPXOWLSOHWZROHYHOKH[DJRQV
(DFKRIWKHPGHILQHVWKHVZLWFKLQJVWDWHVRIDOO/)%VXEPRGXOHVLQRQHWLHURIDQ00&&DVVHHQLQ)LJ$V
PHQWLRQHGEHIRUHHDFKIXOO+EULGJHVXEPRGXOHFRQVLVWVRIWZROHYHOKDOIEULGJHVWKHUHDUHVL[RIWKHPLQD
WLHUIRUPLQJWZRWKUHHSKDVHWZROHYHOLQYHUWHUV/+6DQG5+6RQHV:KLOHWKH/+6RQHV\QWKHVL]HVDUHIHUHQFH
D E
%
$
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YROWDJHYHFWRU UHI9   WKH5+6RQHV\QWKHVL]HV LWVFRXQWHUSDUW 
UHI9 ERWKDUH LQRQH WZROHYHOKH[DJRQIRU
GHWHUPLQLQJWKHVZLWFKLQJVWDWHVRIDOOVZLWFKHVLQRQHWLHU)RUDQ00&&RI/)%KDYLQJIRXUFDVFDGHGWLHUV
DQGJHQHUDWLQJOHYHOYROWDJHDWRWDORIKH[DJRQVDUHUHTXLUHGZKLFKDUHSURMHFWHGRQRQHSDLURIĮȕD[HVDV
VKRZQLQ)LJ
7KHWZROHYHOKH[DJRQ2+690FDQDOVREHXVHGIRU00&&RI/)&PRGXOHVDVVKRZQLQ)LJ7KRXJKLQ
WKLVFDVHWKHUHDUHRQO\WZRWLHUVLQWRWDOIRXUKH[DJRQVDUHVWLOOQHHGHGWZRIRUHDFKWLHU7KHVHKH[DJRQVDUH
SURMHFWHG RQ WKH VDPH Įȕ D[HV DQG DUH SKDVH VKLIWHG IURP HDFK RWKHU E\ DQ DQJOH Į6+ GHWHUPLQHG E\ WKH
IXQGDPHQWDOUHIHUHQFHVLJQDOSHULRG7DQGVDPSOHSHULRG76DQGWKHQXPEHURIFRPSOHPHQWDU\VZLWFKHVSHU
SKDVHOLPEQPSDV>@
 SD 6+ u¹¸
·
©¨
§
 7
Q7 PS6        
$VVXPLQJWKHUDWLRRIWKHVDPSOLQJSHULRGWRWKHIXQGDPHQWDOSHULRGLVHTXDWLRQJLYHVWKHSKDVHVKLIW
EHWZHHQHDFKRYHUODSSLQJKH[DJRQV UHVXOWLQJLQD'UHSUHVHQWDWLRQWKDWFRQWDLQVIRXULQWHUOHDYHG
KH[DJRQV,WLVZRUWKQRWLQJWKDWHDFKVXEPRGXOHFRQVLVWVRIWZRHLWKHUOHYHOKDOIEULGJHRUOHYHO)&KDOI
EULGJHVKHQFHWKHUHDUHVL[LQWRWDOLQDWLHU
6LQFHHDFKKH[DJRQLVSKDVHVKLIWHGE\Į6+UDGLDQVUHODWLYHWRWKHQH[WWLHUEHORZWKHDQJXODUYDOXHVRIERWK UHI9 
DQG 
UHI9 LQWKHUHOHYDQWKH[DJRQDUHGHWHUPLQHGE\WKHLUDQJOHVLQWKHVWKH[DJRQIRUORZHVWYROWDJHWLHUSOXVD
PXOWLSOHRIWKHSKDVHVKLIWĮ6+%RWKYROWDJHVDUHWLPHYDU\LQJVLQXVRLGDOIXQFWLRQVWKXVLIWKHSKDVHDQJOHIRU
UHI9   LQWKHKH[DJRQIRUWKHVWYROWDJHWLHUDW WLPHW LVșWUDGWKDWIRUWKHPWK WLHUDW WKHVDPHWLPHLQVWDQWLV
FDOFXODWHGDV
  UDGPWW 6+P DTT         
DQGWKHFRUUHVSRQGLQJ 
UHI9 LVGLVSODFHGE\IURPșP
,PSOHPHQWDWLRQRI2+690LQYROYHVILUVWO\GHWHUPLQDWLRQVRIH[DFWORFDWLRQVRI UHI9 DQG 
UHI9 LQHDFKKH[DJRQ
KHQFHWKHVZLWFKLQJVWDWHVWREHDSSOLHGWRVXEPRGXOHVZLWFKHVRIHDFKWLHU7KLVUHTXLUHVLGHQWLI\LQJWKHVHFWRU
QXPEHUDFFRUGLQJWRWKHUHIHUHQFHYROWDJHYHFWRUSKDVHDQJOHșPWIURPHTXDWLRQDWHYHU\VDPSOHWLPHLQVWDQW
LQDOHYHOKH[DJRQ:LWKPXOWLSOHRYHUODSSHGKH[DJRQVWKHVHFWRUQXPEHUVRIWKHUHIHUHQFHYROWDJHYHFWRUVLQ
HDFKKH[DJRQDUHGLIIHUHQWDWFHUWDLQVDPSOHLQVWDQWV7KLVFDQEHREWDLQHGIURPWKHH[SUHVVLRQLQEHORZZKLFK
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VKRZVWKH(XFOLGHDQGLYLVLRQRIWKHSHUFHLYHGDQJOHșPE\WKHVHFWRUDQJOHRUʌZKHUH61UHSUHVHQWVWKH
FXUUHQWVHFWRUQXPEHU
    PRG STSST P1P 6W       
$FFRUGLQJWRPDJQLWXGHVDQGDQJOHVRI UHI9 DQG 
UHI9 WKHVZLWFKLQJYHFWRUVIRUWKHVHPRGXOHVDQGWKHLUUHVSHFWLYH
GXW\UDWLRVDWHDFKVDPSOHLQVWDQWFDQEHFDOFXODWHGE\DSSO\LQJ WKHZHOONQRZQWZROHYHO690WHFKQLTXHDV
GLVFXVVHGLQ>@&OHDUO\WKHXVHRIPXOWLSOHWZROHYHOKH[DJRQVVLPSOLILHVWKHPRGXODWLRQDOJRULWKPDVFRPSDUHG
WRXVLQJRQHOHYHOKH[DJRQVVLQFHHDFKRIWKHWZROHYHOKH[DJRQVFRPSULVHVRQO\VZLWFKLQJVWDWHVWKHUHDUH
QRPXOWLSOHWULDQJXODUUHJLRQVKHQFHQRQHHGWRILQGZKLFKRQHRIWKHVL[WHHQWULDQJOHVDVLQWKHOHYHOFDVH
FRQWDLQLQJWKHUHIHUHQFHYHFWRUV UHI9 DQG 
UHI9 
,W LVLPSRUWDQW WRQRWHWKDWE\RYHUODSSLQJWKHKH[DJRQVWKHPHWKRGJLYHVHTXDOVZLWFKLQJSDWWHUQDQGVZLWFK
XWLOL]DWLRQIRUPRGXOHVDWGLIIHUHQWYROWDJHOHYHOVLQRQHSKDVHOHJ$QDORJRXVWRPXOWLOHYHOVLQHWULDQJOHSKDVH
VKLIW3:0VFKHPH>@ZLWKHDFKFDUULHUZDYHVKLIWHGLQWLPHWKLVHQVXUHVWKHIORDWLQJFDSDFLWRUVRIVXEPRGXOHV
LQWKHVDPHSKDVHOHJEHLQJFKDUJHGDQGGLVFKDUJHGHYHQO\KHQFHWKHLUYROWDJHVDUHEDODQFHGDWWKHVWHDG\VWDWH
)LJ VKRZV WKH IORZFKDUW IRU LPSOHPHQWLQJ WKH 2+690 XVLQJ OHYHO KH[DJRQV 7KH FRQWURO YDULDEOHV DUH
LQLWLDOL]HGE\ILUVWFRPSXWLQJWKHRYHUODSSLQJDQJOHEHWZHHQWKHKH[DJRQV7KHĮ6+DLGVLQWKHGHWHUPLQDWLRQRI
WKHVHFWRUV LQZKLFKWKHUHIHUHQFHYROWDJHYHFWRUV OLHLQHDFKKH[DJRQ2QFHWKHVHFWRU LV LGHQWLILHG WKHGZHOO
WLPHV RI WKH WKUHH FORVHVW YROWDJH YHFWRUV DUH FDOFXODWHG DQG DSSOLHG WR FRQWURO WKH FRQYHUWHU VZLWFKHV RI
FRUUHVSRQGLQJWLHU
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29(5/$33,1*08/7,3/(+(;$*2163$&(9(&7256&+(0(
Į6+
+H[DJRQ+H[DJRQ
9UHI
9UHI¶
+H[DJRQ+H[DJRQ
ĮD[LV$D[LV
%D[LV
&D[LV ȕD[LV

)LJ7ZROHYHOKH[DJRQIRU2+690KLJKOLJKWLQJSKDVHVKLIWEHWZHHQHDFKKH[DJRQV
% 2+690XVLQJ7KUHHOHYHO+H[DJRQV
)RU)&00&&PRGXODWLRQWKUHHOHYHOKH[DJRQFDQDOVREHXVHG,QWKLVFDVHRQHWLHUFRPSULVHVVL[)&KDOI
EULGJHVKHQFHIRUPLQJWZRWKUHHSKDVH)&FRQYHUWHUVDVVKRZQLQ)LJ)RUDWKUHHOHYHOKH[DJRQWKHUHDUH
VZLWFKLQJVWDWHYHFWRUVDVVKRZQLQ)LJDDQGVHFWRURQHLVJLYHQLQ)LJE1DWXUDOO\IRU00&&LQ)LJ
ZLWKRQO\WZRWLHUVWZRVXFKKH[DJRQVERWKSURMHFWHGRQRQHSDLURIĮȕD[HVDUHQHHGHGDVVKRZQLQ)LJF
7KHSKDVHVKLIWDQJOHĮ6+EHWZHHQWKHVHRYHUODSSLQJOHYHOKH[DJRQVDUHHYDOXDWHGXVLQJWKHVDPHIRUPXOD
+HQFHLIWKHUDWLRRIWKHVDPSOLQJWLPHWRWKHIXQGDPHQWDOSHULRGLVDFFRUGLQJWRĮ6+  
UHVXOWLQJLQD'UHSUHVHQWDWLRQWKDWFRQWDLQVWZRLQWHUOHDYHGOHYHOKH[DJRQVZKLFKLVWZLFHWKHDQJOHIRUWKH
OHYHOKH[DJRQFDVH6LPLODUO\GXHWRWKHSKDVHVKLIWEHWZHHQKH[DJRQVWKHDQJXODUSRVLWLRQVRIERWK UHI9 DQG

UHI9 LQHDFKKH[DJRQDUHDOVRGLIIHUHQWDQGDUHHYDOXDWHGXVLQJHTXDWLRQ
^dZd
/ŶŝƚŝĂůŝǌĂƚŝŽŶŽĨ
ŽŶƚƌŽůsĂƌŝĂďůĞƐ
 ?DĂ ?ɽŵ ?Ĩ ?ĨƐ ?
KǀĞƌůĂƉƉŝŶŐĂŶŐůĞ
Į6+ĞƚĞƌŵŝŶĂƚŝŽŶ
^ĞĐƚŽƌ/ĚĞŶƚŝĨŝĐĂƚŝŽŶ
ŽĨĞĂĐŚZĞĨĞƌĞŶĐĞ
sŽůƚĂŐĞsĞĐƚŽƌƐ
sŽůƚĂŐĞsĞĐƚŽƌƵƚǇ
ZĂƚŝŽŽŵƉƵƚĂƚŝŽŶ
KƉƚŝŵŝǌĞĚ^ ǁŝƚĐŚŝŶŐ
sŽůƚĂŐĞsĞĐƚŽƌ
^ĞůĞĐƚŝŽŶ
'ĂƚĞWƵůƐĞ
'ĞŶĞƌĂƚŝŽŶ
E )LJ)ORZFKDUWIRUOHYHOKH[DJRQLPSOHPHQWDWLRQ
29(5/$33,1*08/7,3/(+(;$*2163$&(9(&7256&+(0(
6HFWRULGHQWLILFDWLRQ
&RPSDUHGWRWKHFDVHZKHQXVLQJWZROHYHOKH[DJRQVWKLVLVVOLJKWO\PRUHFRPSOLFDWHG)LUVWO\LWVWLOOUHTXLUHV
GHWHUPLQLQJH[DFWORFDWLRQVRIWKHUHIHUHQFHYROWDJHYHFWRUVKHQFHWKHVZLWFKLQJVWDWHVWREHDSSOLHGWRVZLWFKHV
LQHDFKWLHU+RZHYHUWKLVLQYROYHVLGHQWLI\LQJWKHVHFWRUQXPEHUDQGDOVRORFDWLQJLWVYHUWH[LQRQHRIWKHIRXU
WULDQJOHVZLWKLQWKHVHFWRUVDWHYHU\WLPHLQVWDQW,GHQWLILFDWLRQRIVHFWRUZKHUHHDFKUHIHUHQFHYROWDJHYHFWRUOLHV
FDQEHGHWHUPLQHGXVLQJ
5HJLRQVHOHFWLRQ
7RILQGZKLFKWULDQJXODULQWKHFKRVHQVHFWRUWKHUHIHUHQFHYROWDJHYHFWRUVDUHLQFRQVLGHULQJ UHI9 WKLVLVUHVROYHG
E\HYDOXDWLQJYROWDJHYHFWRU¶VFRUUHVSRQGLQJRUWKRJRQDOFRPSRQHQWV96Į96ȕDV
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WRUXOHVJLYHQLQ7DEOH,,,)RUPD!WKHUHJLRQVDUHVHHQWREHVHOHFWHGEHWZHHQDQGVHHLQ)LJ
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7DEOH,,,5HJLRQVHOHFWLRQ&ULWHULD  '&UHID 990  
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2QFHWKHFRUUHFWWULDQJOHUHJLRQLVLGHQWLILHGWKHVZLWFKLQJVWDWHVFDQEHGHWHUPLQHGDVWKHWKUHHYHFWRUVORFDWHG
FORVHVW WRWKHYHUWLFHVRIWKHFKRVHQUHJLRQ+RZHYHUIRUDQ00&&ZLWK/)&FRQYHUWHUVXEPRGXOHVHDFK
ORFDWLRQFRUUHVSRQGVWRIRXUVZLWFKLQJVWDWHVWZRRIWKHVHDUHLQGHSHQGHQWEXWWKHRWKHUWZRJLYHWKHVDPHYROWDJH
OHYHOZLWKGLIIHUHQWVZLWFKLQJVWDWHVGXHWRWKHLQQHUIORDWLQJFDSDFLWRUVLQWKHPRGXOH)RUH[DPSOHWKHVZLWFKLQJ
YHFWRUVIRUVHFWRUWULDQJOHDUHDQGVKRZQLQ)LJE7KHODWWHUWZRFUHDWHUHGXQGDQF\DQG
WKHRQHWREHFKRVHQVKRXOGEHDEOHWRUHEDODQFHWKHIORDWLQJFDSDFLWRUYROWDJH7KHFRUUHVSRQGLQJWKUHHGXW\
F\FOHV7D7EDQG7FDUHFDOFXODWHGXVLQJIRUPXODHLQ7DEOH,9DWHYHU\VDPSOHLQVWDQWRIGXUDWLRQ76DQGVKRXOG
VDWLVI\WKHFRQGLWLRQ
FEDV 7777         
2SWLPDOVZLWFKLQJVWDWHYROWDJHYHFWRUVHTXHQFH
7KH VHTXHQFHRI VZLWFKLQJ VWDWHV DSSOLHG IRU00&&V RI /)& PRGXOH IROORZV FULWHULDRIREWDLQLQJ QDWXUDO
EDODQFLQJRIWKHIORDWLQJFDSDFLWRUYROWDJHVDQGKDYLQJWKHOHDVWQXPEHURIVZLWFKHVFKDQJLQJVWDWHVSHUVDPSOH
LHVZLWFKWUDQVLWLRQKHQFHUHGXFLQJVZLWFKLQJORVVHV6HOHFWLRQRIWKHRSWLPDVZLWFKLQJVHTXHQFHIRUVDWLVI\LQJ
WKHDERYHFULWHULDFDQEHVHHQIURPDQH[DPSOHDVIROORZLQJ&RQVLGHUWKHFDVHZKHQ UHI9 LVLQVHFWRUUHJLRQ
5WKUHHVZLWFKLQJVHTXHQFHVFDQEHDSSOLHGZLWKLQDVDPSOHSHULRGWKHVHDUH
ĺĺĺĺĺĺĺ  VHTXHQFH
ĺĺĺĺĺĺĺ  VHTXHQFH
ĺĺĺĺĺĺĺ  VHTXHQFH
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(DFKRIWKHVZLWFKLQJYHFWRUVLQRQHRI WKHDERYHVHTXHQFHVH[SUHVVHVWKHVZLWFKLQJVWDWHV IRUWKUHH/)&
SKDVHOLPEVHLWKHU/+6RU/+66LQFHWKHUHDUHWZRFRPSOHPHQWDU\VZLWFKSDLUVLQDSKDVHOLPERI/)&LH
6D6DDQG6D6DDVVHHQLQ)LJPHDQVSKDVH$OLPE6DRQDQG6DRIIERWKSKDVHV%DQG&6DRQ
DQG6DDUH DOORII   PHDQVSKDVH $ OLPEERWK6DDQG6DRQ  ,Q DQDO\]LQJ WKHVH VHTXHQFHSDWWHUQV WKH
GLUHFWLRQRIFXUUHQWIORZLQJLQWKHVXEPRGXOHLVWDNHQWREHSRVLWLYHRXWWREHQHJDWLYHWKXVWKHFDSDFLWRU&DLV
LQFKDUJLQJPRGHZKHQ6DDQG6DVWDWHFRPELQDWLRQLVLQGLVFKDUJLQJLVDQGE\SDVVLQJLVRU
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)LJ6HFWRUUHJLRQVHTXHQFHSDWWHUQV
$OO WKUHHVHTXHQFHVVDWLVI\WKHILUVWUHTXLUHPHQWVLQFHWKH\DOOHQVXUHHTXDOFKDUJHGLVFKDUJHGXUDWLRQVRI&D
+RZHYHULQWHUPVRIVZLWFKWUDQVLWLRQDFWLRQVHTXHQFHVKRZVWKHOHDVWQXPEHURIWUDQVLWLRQFRPSDUHGWRWKH
RWKHUVHTXHQFHVDQGWKXVEHLQJDSSOLHG7KLVPHWKRGLVXVHGLQHYHU\VDPSOHLQWHUYDOLQWKHLPSOHPHQWDWLRQ
7DEOH9VKRZVWKHVZLWFKLQJVWDWHYHFWRUVHTXHQFHWDEOHIRULPSOHPHQWLQJWKHOHYHOKH[DJRQ690ZKHUH8 9UHI
DQG9 9UHI¶GHQRWHWKHYHFWRUVXVHGIRUWKH/+6DQG5+6OLPEVRIWKHIXOOEULGJH)&FRQYHUWHULQDWLHURYHURQH
VZLWFKLQJSHULRG7V+HUH UHI9 LVORFDWHGLQVHFWRUUHJLRQDQG 
UHI9 LVORFDWHGLQVHFWRUUHJLRQRIWKHOHYHO
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KH[DJRQ%\FRQYHQWLRQLQ6907VDQGFDOFXODWHGVZLWFKLQJYHFWRU WLPHV7D7EDQG7FDUHVSOLW LQKDOIDQG
DUUDQJHGDVVKRZQLQ7DEOH9,WFDQEHREVHUYHGWKDWDOOIORDWLQJFDSDFLWRUVRI/+6DQG5+6)&PRGXOHVDUH
EHLQJFKDUJHGDQGGLVFKDUJHGDQGYLFHYHUVDIRUDQHTXDOQXPEHURIWLPHVZLWKLQD7VF\FOH:LWKWKLVDSSURDFK
LPSOHPHQWHGIRUDOOWKHWULDQJOHUHJLRQVRIWKHOHYHOKH[DJRQVRSWLPDOQDWXUDOYROWDJHEDODQFLQJRIWKH/
)&PRGXOHVFDQEHDFKLHYHG
)LJVKRZVWKHIORZFKDUWIRULPSOHPHQWLQJWKHOHYHOKH[DJRQWHFKQLTXHZKLFKLVVLPLODUWRWKDWZKHQXVLQJ
WKHOHYHOKH[DJRQVDVVKRZQLQ)LJ([FHSWLWKDVDQDGGLWLRQDOSDUWIRUWKHUHJLRQVHOHFWLRQ
9 6,08/$7,21678',(6
7RYDOLGDWHWKHRYHUODSSLQJKH[DJRQ690PHWKRGVERWKWKHOHYHODQGOHYHOKH[DJRQVFKHPHVDUHDSSOLHGWR
FRQWURODQ00&&KDYLQJWZR/)&EULGJHVSHUSKDVHOLPEYLDVLPXODWLRQ7KHUHVXOWVDUHFRPSDUHGZLWKWKDW
XVLQJWKHFRQYHQWLRQDOPXOWLOHYHO690PHWKRGLQWHUPVRIZDYHIRUPTXDOLW\VZLWFKLQJORVVHVQDWXUDOEDODQFLQJ
FDSDELOLW\RIWKHLQQHUIO\LQJFDSDFLWRUDQGFRPSXWDWLRQDOFRPSOH[LW\,QDGGLWLRQWKHOHYHOKH[DJRQ690LV
DSSOLHG WRFRQWURODQ00&&KDYLQJIRXU/)%SHUSKDVHDQG WKHUHVXOWVDUHFRPSDUHGZLWK00&&RI WZR
FDVFDGHG/)&VSHUSKDVH7KHSDUDPHWHUVRIVXEPRGXOHV/)&DQG/)%DUHOLVWHGLQ$SSHQGL[
7DEOH,9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7DEOH99HFWRUFRPELQDWLRQFKDUWVKRZLQJRSWLPL]HGVHTXHQFHRIVZLWFKLQJVWDWHVIRU/+6DQG5+6VZLWFKHV
ZKHQ9UHILQUHJLRQVHFWRUDQG9UHI¶LQUHJLRQVHFWRU
*UHHQ FKDUJLQJVWDWHDQG5HG GLVFKDUJLQJVWDWH
^dZd
/ŶŝƚŝĂůŝǌĂƚŝŽŶŽĨ
ŽŶƚƌŽůsĂƌŝĂďůĞƐ
 ?DĂ ?ɽŵ ?Ĩ ?ĨƐ ?
KǀĞƌůĂƉƉŝŶŐĂŶŐůĞ
Į6+ĞƚĞƌŵŝŶĂƚŝŽŶ
^ĞĐƚŽƌ/ĚĞŶƚŝĨŝĐĂƚŝŽŶ
ŽĨĞĂĐŚZĞĨĞƌĞŶĐĞ
sŽůƚĂŐĞsĞĐƚŽƌƐ
ZĞŐŝŽŶ^ ĞůĞĐƚŝŽŶ
sŽůƚĂŐĞsĞĐƚŽƌƵƚǇ
ZĂƚŝŽŽŵƉƵƚĂƚŝŽŶ
KƉƚŝŵŝǌĞĚ^ ǁŝƚĐŚŝŶŐ
sŽůƚĂŐĞsĞĐƚŽƌ
^ĞůĞĐƚŝŽŶ
'ĂƚĞWƵůƐĞ
'ĞŶĞƌĂƚŝŽŶ
E )LJ)ORZFKDUWIRUOHYHOKH[DJRQLPSOHPHQWDWLRQ

$$SSOLFDWLRQRI2+690VFKHPHVWR00&&RI/)&0RGXOHV
)LJDIVKRZWKHYROWDJHDQGFXUUHQWZDYHIRUPVSURGXFHGUHVSHFWLYHO\XVLQJFRQYHQWLRQDOPXOWLOHYHO690
DQGWKRVHVKRZQLQ)LJDIDQG)LJDIDUHUHVSHFWLYHO\IURP2+690VFKHPHVXVLQJOHYHOKH[DJRQ
DQGOHYHOKH[DJRQ$VFDQEHVHHQDOOWKHVHVFKHPHVOHDGWRWKHFRQYHUWHUJHQHUDWLQJOHYHOSHDNWRSHDN
RXWSXWSKDVHYROWDJHVZLWKJRRGKDUPRQLFSHUIRUPDQFH+RZHYHUWKHYROWDJHDQGFXUUHQWZDYHIRUPVJHQHUDWHG
IURPXVLQJWKHOHYHODQGOHYHO2+690VKRZEHWWHUSHUIRUPDQFHWKDQWKDWIURPWKHFRQYHQWLRQDOPXOWLOHYHO
690PHWKRGDVVKRZQE\LWVSKDVHDQGOLQHOLQHYROWDJHZDYHIRUPVLQ)LJ7KLVLVDOVRFOHDUIURPYROWDJH
VSHFWUDDQG7+'YDOXHVZKLFKDUHDOOORZHUWKDQWKHRQHVJLYHQE\WKHFRQYHQWLRQDOPHWKRGDVOLVWHGLQ7DEOH9,
SKDVH 7D 7E 7F 7D 7D 7F 7E 7D
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)RUWKHSKDVHOLPERXWSXWYROWDJHWKHKDUPRQLFVDSSHDUDVVLGHEDQGVFHQWHUHGDURXQGDQGWLPHVRIWKHDFWXDO
VZLWFKLQJIUHTXHQF\IRUOHYHOOHYHOKH[DJRQPHWKRGVEXWRQO\WLPHVZLWKXVLQJFRQYHQWLRQDO690LHIRU
OHYHOKH[DJRQ   RIK INPMI r  OHYHOKH[DJRQ   RIK INPMI r  DQGIRUFRQYHQWLRQDO690   RIK INPMI r 
ZKHUHILVWKHIXQGDPHQWDOIUHTXHQF\M «DQGVLGHEDQGLQGH[N «RGGLQWHJHUV)RUOLQHYROWDJH
VLGHEDQGLQGH[N «RGGLQWHJHUVH[FOXGLQJRGGPXOWLSOHVRI
7KH 7+' YDOXHV IRU WKH SKDVH DQG OLQHOLQH YROWDJH ZDYHIRUPV DUH   IRU OHYHO KH[DJRQ DQG
IRUOHYHOKH[DJRQ7KHGLIIHUHQFHVLQWKHVHYDOXHVDUHGXHWRWKHIDFWWKDWIRUWKHOHYHOKH[DJRQ
PRUHKDUPRQLFHOHPHQWVDSSHDUDVWKHVLGHEDQGDURXQGWKHWKPXOWLSOHRIWKHVZLWFKLQJIUHTXHQF\ZKLOVWIRUWKH
OHYHOKH[DJRQWKHVHKDUPRQLFVDUHVLJQLILFDQWO\ORZHUDQGRQO\DSSHDUDVVLGHEDQGVFHQWHUHGDURXQGPI
)URPWKHDERYHVSHFWUDDQDO\VLVLWFDQEHVHHQWKDWXVLQJWKHVDPHVZLWFKLQJIUHTXHQF\IVIRUWKHVXEPRGXOHVDW
HDFK WLHU WKHHIIHFWLYH VZLWFKLQJ IUHTXHQFLHVIV VHHQ DFURVV WKH UHVXOWDQWSKDVHYROWDJHZDYHIRUPV IRUHDFK
PHWKRGVDUHLQFUHDVHG7KLVGLIIHUHQFHLVGXHWRWKHWLPHVWDJJHULQJRURYHUODSSLQJHIIHFWEHWZHHQYROWDJHWLHUV
)RUFRQYHQWLRQDO690PHWKRGIV IVGXHWRXQLSRODUVZLWFKLQJZKLOHIRU/DQG/KH[DJRQPHWKRGV WKH
HIIHFWLYHVZLWFKLQJIUHTXHQFLHVDUHUHVSHFWLYHO\IVDQGIV,QRWKHUZRUGVWKHUHDUHPRUHWUDQVLWLRQVLQWKHRXWSXW
ZDYHIRUPEHFDXVH WKH\DUHVSDFHGRXW LQ WLPH7KHVZLWFKLQJ ORVVHVDUHQRW LQFUHDVHGEHFDXVH WKHQXPEHURI
VZLWFKWUDQVLWLRQVSHUF\FOHLQHDFKWLHULVQRWLQFUHDVHG7KXVLIXVLQJWKH/KH[DJRQRYHUODSSLQJPHWKRGIRU
REWDLQLQJWKHVDPHHIIHFWLYHIUHTXHQF\DVWKDWRIWKHFODVVLF690WKHDFWXDOVZLWFKLQJIUHTXHQF\IRUVXEPRGXOHV
FDQEHORZHUHGWRRQO\WKRIWKDWXVHGIRUWKHFRQYHQWLRQDOPHWKRG,I/KH[DJRQLVXVHGWKHDFWXDOVZLWFKLQJ
IUHTXHQF\FDQEHDKDOI7KHUHGXFWLRQRIVZLWFKLQJIUHTXHQF\FHUWDLQO\UHGXFHVWKHVZLWFKLQJORVVHVDQGLVQRWDW
WKHH[SHQVHRIWKHYROWDJHZDYHIRUPTXDOLW\VHH)LJ
:LWKDGHTXDWHVZLWFKLQJYHFWRUVHTXHQFHDSSOLHGERWKWKHOHYHOKH[DJRQDQGFRQYHQWLRQDO690FDQHQVXUH
QDWXUDOEDODQFHRILQQHUIORDWLQJFDSDFLWRUYROWDJHV+RZHYHUWKHFDSDFLWRUYROWDJHIOXFWXDWLRQVZKHQXVLQJWKH
OHYHOKH[DJRQDUHVHHQWREHWKHORZHVWIROORZHGE\WKHOHYHOKH[DJRQDQGWKHQFRQYHQWLRQDO690ZLWKYDOXHV
EHLQJ99DQG9UHVSHFWLYHO\7KLV LVDWWULEXWHG WR WKHRYHUODSSLQJQDWXUHRIERWKDQGOHYHO
KH[DJRQV
%DVHGRQWKH6,08/,1.PRGHOVWKHFRPSXWDWLRQDOORDGIRUHDFK690DOJRULWKPLVFRPSDUHGDQGOLVWHGLQ7DEOH
9,,$FFRUGLQJ WR WKH VXPRIDULWKPHWLFRSHUDWLRQV VXFKDVDGGLWLRQVXEWUDFWLRQGLYLVLRQPXOWLSOLFDWLRQDQG
WULJRQRPHWULFIXQFWLRQVWKHFODVVLFDOPXOWLOHYHO690UHTXLUHVWKHKLJKHVWFRPSXWDWLRQDOEXUGHQDPRQJVWWKUHH
WKHOHYHO2+690LVWKHPRVWFRPSXWDWLRQDOO\HIILFLHQWPHWKRG
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)LJ&ODVVLFDOPXOWLOHYHO690VLPXODWLRQVDSKDVHYROWDJHE/LQHOLQHYROWDJHF3KDVHYROWDJHIUHTXHQF\
VSHFWUD 	 7+' G /LQHOLQH YROWDJH IUHTXHQF\ VSHFWUD 	 7+' H ORDG SKDVH FXUUHQW I 0RGXOH IORDWLQJ
&DSDFLWRUYROWDJHZDYHIRUPV


)LJOHYHO2+690VLPXODWLRQVDSKDVHYROWDJHE/LQHOLQHYROWDJHF3KDVHYROWDJHIUHTXHQF\VSHFWUD
	7+'G/LQHOLQHYROWDJHIUHTXHQF\VSHFWUD	7+'HSKDVHFXUUHQWI0RGXOHIORDWLQJ&DSDFLWRUYROWDJH
ZDYHIRUPV
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)LJOHYHO2+690VLPXODWLRQVDSKDVHYROWDJHE/LQHYROWDJHF3KDVHYROWDJHIUHTXHQF\VSHFWUD	
7+'G/LQHOLQHYROWDJHIUHTXHQF\VSHFWUD	7+'HORDGSKDVHFXUUHQWI0RGXOHIORDWLQJ&DSDFLWRUYROWDJH
ZDYHIRUPV


)LJOHYHO2+690VLPXODWLRQVDSKDVHYROWDJHE/LQHYROWDJHF3KDVHYROWDJHIUHTXHQF\VSHFWUD	
7+'DQGG/LQHOLQHYROWDJHIUHTXHQF\VSHFWUD	7+'DW+]VZLWFKLQJIUHTXHQF\


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7DEOH9,&RPSDULVRQRI2+6906FKHPHV
3KDVHVKLIWHG690VFKHPHV OHYHOKH[DJRQ
OHYHO
KH[DJRQ
&RQYHQWLRQDO
690
3KDVHYROWDJH7+'   
/LQHYROWDJH7+'   
3KDVH&XUUHQW7+'   
)&YROWDJH9DULDWLRQ   

7DEOH9,,&RPSDULVRQRI&RPSXWDWLRQDO/RDGIRUWKH6906FKHPHV
&RPSXWDWLRQDO
7DVNLQHDFK
VHFWLRQ
OHYHO
KH[DJRQ
OHYHO
KH[DJRQ
&RQYHQWLRQDO
690
9UHI	9UHI¶DQJOH   
6HFWRU6HOHFWLRQ   
5HJLRQ6HOHFWLRQ   
'XW\5DWLR
FDOFXODWLRQ
  
7RWDO   

%$SSOLFDWLRQRI/HYHO2+690WR00&&VRIGLIIHUHQW0RGXOH7RSRORJLHV
7KH00&&VFKRVHQIRUWKLVVWXG\DUHWKHRQHVXVLQJHLWKHUIRXU/)%WZR/)&RU/)&+VKRZQLQ)LJ
FPRGXOHV:LWKWKHVDPHWRWDO'&YROWDJHDQGPRGXODWLRQLQGH[WKHVHVKRXOGJHQHUDWHWKHVDPHRXWSXWYROWDJH
OHYHOVZKLOHFRQWUROOHGE\ WKHOHYHO2+690)LJV DH VKRZUHVXOWV IURP WKH00&&RI IRXU/)%
PRGXOHVSHUSKDVHDQG)LJVDJDUHWKRVHIURPWKDWKDYLQJWZR/)&+PRGXOHVSHUSKDVH/)&UHVXOWV
DUHDOUHDG\VKRZQLQ)LJ&OHDUO\WKHZDYHIRUPVIURP/)%DQG/)&VKRZVXSHULRUSHUIRUPDQFHDVWKH\
KDYHWKHVDPHSKDVHDQGOLQHOLQHYROWDJH7+'V)LJFGDQG)LJFGZKLFKDUHDOOORZHUWKDQWKDW
RI/)&+ZKLFKDUHDQGUHVSHFWLYHO\
,QWKLVK\EULGFDVHWKH/+6WZR)&VUHTXLUHVIRXUOHYHOKH[DJRQVZLWKHTXDOSKDVHVKLIWEHWZHHQWKHPEXWWKH
5+6WZRIXOOEULGJHUHTXLUHVRQO\WZRWKDWKDVDQRYHUODSSLQJDQJOHRIWZLFHWKHKH[DJRQVRQWKH/+6


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)LJOHYHO2+690FRQWURORI00&&RI/)%DSKDVHYROWDJHE/LQHYROWDJHF3KDVHYROWDJHVSHFWUD
	7+'G/LQHOLQHYROWDJHVSHFWUD	7+'HSKDVHFXUUHQW


)LJOHYHO2+690IRU00&&RI/)&+D3KDVHYROWDJHE/LQHOLQHYROWDJHFSKDVHYROWDJHVSHFWUD
	7+'G/LQHYROWDJHVSHFWUD	7+'H3KDVHFXUUHQWI0RGXOHVIORDWLQJFDSDFLWRUYROWDJHZDYHIRUP
9DULDWLRQVRIERWKSKDVHDQGOLQHOLQHYROWDJH7+'VDJDLQVWWKHPRGXODWLRQLQGH[PDDUHLQYHVWLJDWHGIRUWKHWKUHH
GLIIHUHQW00&&V7KHUHVXOWVDUHLOOXVWUDWHGLQ)LJVDDQGE,WFDQEHVHHQWKDWERWK/)%DQG/)&
EDVHG00&&JLYHFRPSDUDEO\ORZ7+'YDOXHVIRUPD7KH00&&ZLWK/)&+PRGXOHVKDVVKRZQ
JLYLQJWKHSRRUHVWZDYHIRUPSHUIRUPDQFHDPRQJVWWKHWKUHHDFFRUGLQJWR7+'YDOXHV7KLVLVGXHWRWKDWWKHWZR
OHYHOKDOIEULGJHRQHLWKHU/+6RU5+6FDQRQO\RIIHUWKUHHYROWDJHOHYHOVYROWDQG9'&VRJLYLQJOHVVGHJUHH
RIIUHHGRPWRVKDSHWKHYROWDJHZDYHIRUP
7KHDERYHVLPXODWLRQVWXGLHVVKRZFOHDUO\WKHDGYDQWDJHRIXVLQJ2+690RI/HYHOKH[DJRQVFKHPHLHLW
UHVXOWVLQYHU\ORZIORDWLQJFDSDFLWRUYROWDJHULSSOHIRU)&DQG)&+PRGXOHVWKLVOHDGVWRWKHXVHRIVPDOOHU
FDSDFLWRUVKHQFHUHGXFLQJWKHFRVWVDQGIRRWSULQWRIWKHFRQYHUWHUV
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D E
)LJ7+'IRU00&&VRI/)&/)&+DQG/)%PRGXOHVXVLQJ/HYHOKH[DJRQ2+690DSKDVH
YROWDJHVEOLQHWROLQHYROWDJHVJHQHUDWHG
7KHHIIHFWLYHQHVVRIWKHSURSRVHGPHWKRGZKHQWKHQXPEHURIVXEPRGXOHVSHUSKDVHLVLQFUHDVHVLVDQDO\]HGIRU
QPS /)%VXEPRGXOHV7KHYROWDJHZDYHIRUPVDQGWKHLUFRUUHVSRQGLQJVSHFWUDTXDOLW\SORWVKLJKOLJKWVWKH
ZDYHIRUPTXDOLW\ZLWKVZLWFKLQJIUHTXHQF\IV +]VHH)LJ

)LJOHYHO2+690FRQWURORIOHYHO00&&XVLQJ/)%DVVXEPRGXOHD3KDVHYROWDJHE/LQHOLQH
YROWDJHZDYHIRUPVFSKDVHYROWDJHVSHFWUD	7+'G/LQHYROWDJHVSHFWUD	7+'
9, (;3(5,0(17$/7(67$1'5(68/76
$QH[SHULPHQWDO00&&XVLQJWZRFDVFDGHG/)%VXEPRGXOHVSHUSKDVHKDVEHHQEXLOWWRYHULI\WKHOHYHO
KH[DJRQ 2+690 VFKHPH 7KH VZLWFKLQJ GHYLFHV XVHG DUH ,5),*%7 HDFK UDWHG DW 9 $ DQG WKH
FRUUHVSRQGLQJE\SDVVGLRGHVUDWHG9$(DFKRIPRGXOHVLVSRZHUHGE\D9GFSRZHUVRXUFH7KH
DOJRULWKPLVLPSOHPHQWHGXVLQJD'63GHYLFHH=GVS)IURP6SHFWUXP'LJLWDO>@7KHSXOVHVLJQDOVIURP
'63DUHDSSOLHGWRGULYHWKHFDVFDGHG/)%VZLWFKHV([SHULPHQWDOVHWXSRIWKLVVLPSOH00&&LVVKRZQLQ
)LJDQGWKHV\VWHPSDUDPHWHUVDUHOLVWHGLQ$SSHQGL[
29(5/$33,1*08/7,3/(+(;$*2163$&(9(&7256&+(0(
3&5XQQLQJ&&69
5//RDG&RPSDUWPHQW 3:0'ULYH&LUFXLWDQG/
+EULGJH&RQYHUWHU
H=GVS)
'&3RZHU6XSSOLHV
)LJ00&&([SHULPHQWDO6HWXS
7KHVDPSOLQJVZLWFKLQJIUHTXHQF\LV+]DQGPRGXODWLRQLQGH[LV&RQQHFWHGDFURVVWKHWKUHHSKDVHRI
00&&LVDEDODQFHG5/ORDGRIDQGP+SHUSKDVH)LJDGVKRZUHVSHFWLYHO\WKHSORWVRIWKH
RXWSXWSKDVHDQGOLQHWROLQHYROWDJHZDYHIRUPVDQGVSHFWUDZKLFKFRQIRUPWRWKHVLPXODWLRQUHVXOWVLQ)LJ

)LJ 2+690([SHULPHQWDOUHVXOWVD3KDVHRXWSXWYROWDJHE/LQHRXWSXWYROWDJHF3KDVHYROWDJH
VSHFWUXPDQGG/LQHYROWDJHVSHFWUXP
9,, &21&/86,216
7KH SDSHU SUHVHQWHG D QRYHO VSDFH YHFWRU PRGXODWLRQ VFKHPH IRU WKUHHSKDVH PRGXODU PXOWLOHYHO FDVFDGHG
FRQYHUWHUV7KHPHWKRGLVEDVHGRQXVLQJPXOWLSOHRIRYHUODSSHGOHYHORUOHYHOKH[DJRQVHDFKFRSHVZLWKRQH
WLHURIWKHFRQYHUWHU7KHDSSURDFKKDVWKHIROORZLQJDGYDQWDJHVWKHRYHUODSSLQJHIIHFWJLYHVHTXDOVZLWFKSDWWHUQ
DQGXWLOL]DWLRQIRUPRGXOHVDWGLIIHUHQWYROWDJHOHYHOVLQRQHSKDVHOHJKHQFHLWEULQJV/)%FDSDFLWRUYROWDJH
EDODQFH7KHPHWKRGVLPSOLILHVWKHVZLWFKLQJYHFWRUVHOHFWLRQDQGGXW\F\FOHFDOFXODWLRQSURFHGXUHFRPSDUHGWR
29(5/$33,1*08/7,3/(+(;$*2163$&(9(&7256&+(0(
WKH FRQYHQWLRQDO PXOWLOHYHO 690 DQG LV IOH[LEOH LQ VKDSLQJ WKH RXWSXW YROWDJH ZDYHIRUPV IRU GLIIHUHQW
DSSOLFDWLRQV7KHPHWKRGUHTXLUHVORZHUVZLWFKLQJIUHTXHQF\KHQFHLQFXUULQJORZHUVZLWFKLQJORVVHVIRUREWDLQLQJ
YROWDJHZDYHIRUPVRIWKHKDUPRQLFSHUIRUPDQFH6LPXODWLRQUHVXOWVVKRZWKDWWKHEHVWZDYHIRUPSHUIRUPDQFH
LVREWDLQHGE\XVLQJWKHOHYHOKH[DJRQVFKHPHVLQFHLWJLYHVWKHORZHVWSKDVHDQGOLQHWROLQHYROWDJH7+'
YDOXHV:LWKDGHTXDWHVZLWFKLQJVHTXHQFHVHOHFWLRQWKLVVFKHPHDOVRVKRZEHLQJDEOHWREDODQFHWKHLQHUIO\LQJ
FDSDFLWRUYROWDJHVRIWKH/)&6LPXODWLRQUHVXOWVVKRZLWJLYHVWKHOHDVWFDSDFLWRUYROWDJHULSSOHVFRPSDUHG
ZLWKWKDWZKHQXVLQJWKHOHYHOKH[DJRQRUFRQYHQWLRQDOPXOWLOHYHO690([SHULPHQWDOYHULILFDWLRQKDVEHHQ
SHUIRUPHGRQDPRGXOH+EULGJH00&&XVLQJOHYHOKH[DJRQVFKHPH7KHSUDFWLFDOUHVXOWVSUHVHQWHGYDOLGDWH
WKHPHWKRGDQGVKRZJRRGZDYHIRUPSHUIRUPDQFHFRPSDUDEOHWRWKHVLPXODWLRQRXWSXW
$SSHQGL[
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
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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